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Tbjective: Bilateral living-donor lobar lung transplantation has become an ac-
epted approach in response to the cadaveric lung donor shortage. Because only
ne lobe is implanted in each chest cavity, this procedure is usually confined to
atients of small size. The purpose of this study was to develop a technique of
ilateral native lung–sparing lobar transplantation that can be applied to large
dult patients.
ethods: Bilateral native lung–sparing lobar transplantation was performed in 12
airs of dogs. In donor animals the right middle, lower, and cardiac lobes were
eparated as a right graft, and the left lower lobe was separated as a left graft. In
ecipient animals these 2 grafts were implanted in the natural anatomic position with
paring native right upper, left upper, and middle lobes. In an acute study (n  6),
ransplanted graft function was assessed for 3 hours after ligation of the pulmonary
rtery branches to the native spared lobes. In a chronic study (n  6) the immu-
osuppressed recipients were observed for 3 weeks to assess the quality of bronchial
ealing and long-term pulmonary function.
esults: Morphologic adaptation of the 2 grafts was found to be excellent. All 6
nimals in the acute study showed excellent pulmonary function. Five of 6 animals
n the chronic study survived for 3 weeks, with excellent pulmonary function and
atisfactory bronchial healing.
onclusion: Bilateral native lung–sparing lobar transplantation was technically
ossible and associated with excellent pulmonary function and good bronchial
ealing in a canine experimental model.
 
he persistent donor shortage in lung transplantation has resulted in
increased waiting time and waiting list mortality. Bilateral living-donor
lobar lung transplantation (LDLLT) was developed at the University of
outhern California1,2 as a procedure for patients too ill to await cadaveric
ransplantation. In the existing milieu of cadaveric donor shortage in Japan, we
egan an LDLLT program in 1998 at our institution.3,4 This procedure can be
pplied only for children and small adults because a limited amount of lung
issue is implanted. In fact, we have turned down a number of patients because
f unacceptable size mismatch.
To develop a new transplantation technique that can be applied to large adult
atients, we recently performed canine experimental studies on unilateral double
obar lung transplantation (UDLLT).5,6 In UDLLT 2 grafts are implanted in the right
emithorax after right pneumonectomy. Although UDLLT provided excellent early
ulmonary function, it was associated with a relatively high incidence of vascular
nd bronchial complications.
The purpose of this experimental study was to develop a technique of bilateral
ative lung–sparing lobar transplantation (BNSLT) that might be applied to large
dult patients safely.
he Journal of Thoracic and Cardiovascular Surgery ● Volume 132, Number 5 1213
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TXaterials and Methods
welve weight-matched pairs of adult mongrel dogs (8.5-27.0 kg)
ere used for BNSLT. The dogs were randomly selected as donors
r recipients. The mean weights of donor and recipient were
3.9 kg and 13.9 kg, respectively.
onor Operation
nesthesia was induced with intramuscular ketamine hydrochloride
10 mg/kg) and atropine sulfate (0.01 mg/kg). Intravenous thiopental
odium (2.5 mg/kg) and vecuronium bromide (0.1 mg/kg) were used
o facilitate endotracheal intubation. The donors were placed on a
echanical ventilator with a tidal volume of 20 mL/kg and a
ositive end-expiratory pressure of 5 cm H2O at a rate of 15
reaths/min. Anesthesia was maintained with a 0.5% inhalational
alothane-oxygen mixture.
A standard median sternotomy was performed. After division
f the inferior pulmonary ligaments, the pericardium was opened.
he superior and inferior venae cavae were ligated and divided
fter systemic heparinization with sodium heparin (200 U/kg). The
eft atrial appendage was amputated to avoid lung congestion. The
rachea was clamped, and a double-lung block was removed with-
ut flushing and cooled in cold saline solution. The right graft
right middle, lower, and cardiac lobes) and the left graft (left
ower lobe) were separated from the double-lung block at the side
able (Figure 1).
ecipient Operation
nesthesia was performed as mentioned for the donor operation.
ecipients were placed on a mechanical ventilator and maintained
ith a 0.5% inhalational halothane-oxygen mixture. A femoral
rtery line was inserted for measuring aortic pressure and for
rterial blood gas analysis.
A right thoracotomy was performed through the fifth intercostal
pace, with the animals in the left lateral position. The right
iddle, lower, and cardiac lobes were removed, and the right
pper lobe was spared. Great care was taken to avoid any air
eakage from the interlobar fissure. The pulmonary artery distal to
he upper lobe branches was divided between silk ligatures. Pul-
onary veins, except the right upper pulmonary vein, were divided
etween silk ligatures placed on each venous branch at the
ilum. The intermediate bronchus was divided between silk
igatures. The pericardium was opened around the pulmonary
eins, and the interatrial groove was dissected to increase the
ength of recipient left atrium available for subsequent clamp
lacement.
The right graft (right middle, lower, and cardiac lobes of the
onor) was implanted in the natural anatomic position (Figure 1).
fter placing a vascular clamp on the recipient left atrium so as
Abbreviations and Acronyms
BNSLT  bilateral native lung–sparing lobar
transplantation
LDLLT  living-donor lobar lung transplantation
UDLLT unilateral double lobar lung transplantationot to occlude the right upper pulmonary vein, a suitable cuff f
214 The Journal of Thoracic and Cardiovascular Surgery ● Novor the venous anastomosis was created. The donor left atrial
uff was attached to the recipient left atrial cuff by using an
verting mattress suturing technique with 6-0 Prolene sutures
Ethicon, Inc, Sommerville, NJ; Figure 2). The anastomosis of
he bronchus was constructed by using an end-to-end suturing
echnique with 4-0 Prolene sutures. The anastomosis of the
ulmonary artery was performed by using an end-to-end sutur-
ng technique with 6-0 Prolene sutures. The graft was covered
ith sponges and ice slush during implantation to avoid warm
schemic injury. Before reperfusion, methylprednisolone (5 mg/
g) was administered intravenously. After the vascular clamps
ere removed, all anastomoses were checked for air or blood
eakage. After closing the right chest, the animal was placed in
he right lateral decubitus position. A left thoracotomy was
erformed through the fifth intercostal space. The left lower
obe was removed, and the left upper and middle lobes were
pared. The left graft (left lower lobe of the donor) was im-
lanted in the natural anatomic position in the same manner as
igure 1. Bilateral native lung–sparing lobar transplantation. In
he donor animal the right graft (right middle, lower, and cardiac
obes) and the left graft (left lower lobe) were separated from the
ouble lung block. In the recipient animal both grafts were
mplanted in the natural anatomic position.or the right graft (Figures 1 and 2).
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TXcute Study
efore thoracotomy, a 5F thermodilution catheter was inserted
hrough the right external jugular vein and positioned in the main
ulmonary artery. Hemodynamic changes, including pulmonary
rtery pressure, central venous pressure, and cardiac output, were
easured through this catheter by using a thermodilution method.
5F catheter was inserted into the left atrial appendage to measure
eft atrial pressure. Airway pressure was monitored by using a
ressure transducer that was attached to the tracheal tube.
After transplantation, the recipient was placed in the supine
osition, with both chest incisions open. Both lungs were venti-
ated with a tidal volume of 20 mL/kg, a positive end-expiratory
ressure of 5 cm H2O, and an inspired oxygen fraction of 1.0 at a
ate of 15 breaths/min. Anesthesia was maintained with an intra-
enous infusion of thiopental sodium and vecuronium bromide.
ll pulmonary artery branches to the native spared lobes were
igated to allow all the cardiac output to flow to the transplanted
rafts. The recipient dogs were observed for 3 hours, and aortic
ressure, pulmonary artery pressure, central venous pressure, left
trial pressure, and airway pressure values were continuously
ecorded. Measurements of cardiac output and arterial blood gas
nalysis were performed at specific intervals (30, 60, 120, and 180
inutes after ligation of the pulmonary artery branches to the
ative spared lobes). Measurements were reported as the mean 
tandard error of the mean.
hronic Study
fter the chest closure, animals were immediately extubated once
wake. The chest drainage tubes were removed about 1 hour
ostoperatively. The dogs received tacrolimus (0.1 mg/kg) intra-
uscularly and prednisone (0.2 mg/kg) orally every day.7 For
igure 2. Alignment of the 2 donor grafts with the recipient hilum.
r, Trachea; PA, pulmonary artery; LA, left atrium; RPA, right
ulmonary artery; RBr, right bronchus; RPV, right pulmonary vein;
PA, left pulmonary artery; LBr, left bronchus; LPV, left pulmonary
ein.days postoperatively, cefazolin sodium (500 mg) was injected a
The Journal of Thoracicntramuscularly, and heparin sodium (100 U/kg) was injected
ubcutaneously.
Three weeks after transplantation, surviving animals were re-
nesthetized and attached to a ventilator. Chest roentgenography
as performed. A thermodilution catheter and a femoral artery line
ere inserted. Bilateral thoracotomy was performed through the
ourth intercostal space, and the pulmonary artery branches to the
ative spared lobes were encircled with 1-0 silk ligatures. Function
f the transplanted grafts was assessed under occlusion of all the
ulmonary artery branches to the native spared lobes for 10 min-
tes. After the assessment, pulmonary angiography was per-
ormed. Then the animals were killed with an overdose of thio-
ental. Bronchial healing was assessed at autopsy.
nimal Care
ll dogs received human care in compliance with the “Principles
f laboratory animal care” formulated by the National Society for
edical Research and the “Guide for the care and use of labora-
ory animals” (http://www.nap.edu/catalog/5140.html).
esults
ll 12 animals survived the operation. All 6 animals in the
cute study survived the 3-hour assessment period on a ven-
ilator. All 6 animals in the chronic study were successfully
xtubated. The ischemic time of the right graft was 124  9
inutes, and that of the left graft was 265  15 minutes.
cute Study
he results of gas exchange and the hemodynamics of the
ecipients during the 3-hour assessment period are shown in
able 1. All 6 animals showed excellent lung and cardiac
unction throughout the observation period. At the end of the
-hour assessment period, PaO2 was 589.0 14.4 mm Hg, and
he mean pulmonary artery pressure was 35.8  3.9 mm Hg.
hronic Study
he results of these 6 consecutive procedures are summa-
ized in Table 2. Recipient dogs after extubation showed a
ormal respiratory pattern because the Herring-Breuer re-
ex for control of respiration was preserved by sparing
ative lobes.
One dog (dog 8) died of pulmonary venous thrombus on
ostoperative day 5. This animal had a small leakage at the
trial anastomosis in the right graft implantation that re-
uired the placement of a hemostatic stitch. At autopsy, this
nimal had a thrombus that originated at the site of repair.
ronchial healing of this dog was normal.
One dog (dog 12) experienced pneumothorax and re-
uired reoperation on postoperative day 4. The source of the
ir leak was found in the interlobar fissure of the native
pared right upper lobe. The air leak was repaired with fibrin
lue, and this animal survived for 3 weeks without further
omplications.
Five (83%) of 6 animals survived for 3 weeks. These 5
nimals tolerated the occlusion of the pulmonary artery
and Cardiovascular Surgery ● Volume 132, Number 5 1215
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TXranches to the native spared lobes and showed excellent
ulmonary function (Table 1). Chest roentgenograms showed
ell-expanded grafts without dead space (Figure 3). Pulmo-
ary angiography demonstrated no stenosis in the arterial
nastomoses (Figure 4). Good bronchial healing was ob-
erved in all dogs at autopsy (Table 2 and Figure 5).
iscussion
great disparity between the supply of donor organs and
he demand of potential recipients has resulted in longer
aiting times and annual increases in deaths on the lung
ransplant waiting list. Bilateral LDLLT was developed as
n alternative to cadaveric lung transplantation to circum-
ent this obstacle.1,2 In LDLLT right and left lower lobes
rom 2 healthy donors are implanted in the recipient in place
f whole right and left lungs, respectively. Because a lim-
ted amount of lung tissue is implanted, this procedure is
sually confined to patients of small size. Excessively small
rafts might cause high pulmonary artery pressure, resulting
n lung edema.8 A pleural space problem might increase the
isk of empyema.9 Overexpansion of the donor lobes could
ontribute to obstructive physiology through early closure
f the small airways.10 It is for this reason that large adult
atients are thought to be poor candidates for LDLLT.
mong 38 recipients receiving bilateral LDLLT in our
nstitution, there were only 2 adult male patients.3,4 A
ABLE 1. Assessment of lung and cardiac function after t
30 min 60 min
aO2 (mm Hg) 539.9 25.6 554.1 2
aCO2 (mm Hg) 40.6 2.2 37.5 2
ean AoP (mm Hg) 119.7 10.8 114.5 1
ean PAP (mm Hg) 38.4 3.6 33.8 3
ean CVP (mm Hg) 6.8 1.2 5.9  1
O (L/min) 1.5 0.2 1.3  0
VR (dyne · s1 · cm5) 1826 347 2110 2
ean AWP (mm Hg) 5.3 0.3 5.1  0
ll values are presented as means  standard error of the mean. Data we
obes. AoP, Aortic pressure; PAP, pulmonary arterial pressure; CVP, cent
WP, airway pressure.
ABLE 2. Results of chronic study
Survival (d) Complications
Bronchial
healing
og 7 28 None Normal
og 8 5 Pulmonary venous thrombosis Normal
og 9 21 None Normal
og 10 21 None Normal
og 11 21 None Normal
og 12 22 Pneumothorax Normal
n
216 The Journal of Thoracic and Cardiovascular Surgery ● Novumber of patients have been turned down for LDLLT
ecause of unacceptable size mismatch.
With the hope of expanding the possibilities for trans-
lantation in large adult patients who are unlikely to survive
he long wait for cadaveric lungs, we have developed a
nique technique of UDLLT using a canine model.5,6 In
DLLT, 2 grafts obtained from donor animals were im-
lanted in the right hemithorax after right pneumonectomy.
ne graft (left graft) was implanted as a right upper lobe in
n upside-down position, and the other (right graft) was
mplanted in the natural anatomic position. UDLLT was
echnically possible and provided excellent early pulmonary
lantation
ute study Chronic study
120 min 180 min 3 wk
560.6 31.6 589.0 14.4 616.6 41.8
37.0  2.0 36.6  2.4 33.5  1.8
108.5 8.8 106.5 9.6 96.8  5.8
35.8  3.3 35.8  3.9 34.8  5.5
5.3  1.0 5.8  0.8 6.8  1.1
1.4  0.2 1.4  0.2 1.3  0.2
1706 295 1831 423 1580  304
5.3  0.3 5.1  0.4 4.8  0.1
ained after ligation of the pulmonary artery branches to the native spared
nous pressure; CO, cardiac output; PVR, pulmonary vascular resistance;
igure 3. Chest roentgenogram of dog 9 three weeks after bilat-
ral native lung–sparing lobar transplantation. Two grafts andransp
Ac
3.8
.7
1.1
.2
.2
.1
57
.2
re obt
ral veative spare lobes fully expanded in both chest cavities.
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TXunction.5 However, it was associated with a relatively high
ncidence of vascular and bronchial complications.6 Of note
as that these complications, such as pulmonary artery
inking, pulmonary venous thrombus, and bronchial dehis-
ence, occurred exclusively in the graft implanted in the
pside-down position. To avoid the risk of complications
elated to the nonanatomically positioned graft, we devel-
ped a technique of BNSLT in which 2 grafts were im-
lanted in the natural anatomic position.
We used a canine model to develop a technique of
NSLT. A single donor was used in this experiment to
implify the model. The right graft (right middle, lower, and
ardiac lobes) resembles the human right lower lobe ana-
omically. The left graft (left lower lobe) resembles the
uman left lower lobe. Given the fact that the model has
ome difference from the human setting, such as chest shape
nd vascular anatomy, we believe that this model is good
nough to develop a new technique of BNSLT.
BNSLT in human subjects, replacing both native lower
obes with 2 ipsilateral lower lobes, is based on the notion
hat single-lung transplantation has been successfully per-
ormed for various noninfectious lung diseases.11,12 The
emaining native lobes, although they are diseased, provide
ome gas exchange capacity and vascular bed. Candidates
or BNSLT should have no infection in the spared lobes and
o pleural adhesion with well-developed interlobar fissures.
igure 4. Pulmonary angiogram of dog 10 three weeks after
ilateral native lung–sparing lobar transplantation. There was no
tenosis in the arterial anastomoses.onsidering these factors, we propose that pulmonary fi- m
The Journal of Thoracicrosis and primary pulmonary hypertension would be ideal
ndications for BNSLT. Pulmonary fibrosis with a history of
neumothorax would be a contraindication because of fused
ssures with scarifications. Emphysema would not be a
ood indication because native lobe hyperinflation and per-
istent air leakage from the spared lobes could be potentially
roblematic. Because the number of available cadaveric
onors is quite limited (5 cases per year in the whole
ountry) in Japan, the only realistic option for most of our
atients is to receive LDLLT and BNSLT, which would
opefully expand the possibilities for transplantation in
arge adult patients.
When the total forced vital capacity of the 2 grafts is
ore than 45% to 50% of the predicted forced vital
apacity of the recipient, we accept the size disparity in
DLLT.3 When the ratio is less than 45%, BNSLT would
e indicated. In patients with restrictive disease, the
cceptable ratio for BNSLT could be smaller than in
atients with nonrestrictive disease because of a small
hest cavity.
Several technical points required elaboration in BNSLT.
ecause the upper lobes were spared, working space was
ore limited, and all anastomoses were more distal com-
ared with conventional lung transplantation. For both do-
or and recipient, lobectomies were to be performed to
eave adequate length for subsequent vascular and bronchial
nastomoses. The atrial anastomosis in the right graft im-
lantation was the most difficult part of this operation. Care
ad to be taken in placing the vascular clamp across the
ecipient left atrium so as to avoid occlusion of the right
pper and left lower pulmonary veins and to provide the
aximal amount of tissue distal to the clamp for subsequent
nastomosis. To prevent atrial venous thrombosis, we en-
ured intima-to-intima approximation and excluded intralu-
igure 5. Excellent bronchial healing in dog 11 three weeks after
ilateral native lung sparing lobar transplantation: A, intermedi-
te bronchus; B, left lower bronchus.inal muscle by using a continuous everting mattress su-
and Cardiovascular Surgery ● Volume 132, Number 5 1217
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1
TXure. We minimized peribronchial dissection and shortened
he recipient bronchus to obtain good bronchial healing.
reat care was taken to avoid any air leakage from the
nterlobar fissure.
With care of several technique points mentioned above,
ll anastomoses were easily aligned, and the implantation of
oth grafts did not present any difficulty. Morphologic
daptation of the 2 grafts was found to be excellent. Both
rafts implanted in their anatomic positions filled the basal
rea of the bilateral thorax (Figure 3). The excellent early
ulmonary function of the transplanted grafts was con-
rmed by ligating the pulmonary artery branches to the
ative spared lobes (Table 1).
In the chronic study pulmonary venous thrombus was
ncountered in one animal and resulted in lethal graft con-
estion. This animal had a small leakage at the atrial anas-
omosis in the right graft implantation that required the
lacement of a hemostatic stitch. At autopsy, this animal
ad a thrombus that originated at the site of repair. It has
een well documented that thrombosis at the atrial suture
ine is a common complication in a canine lung transplan-
ation model.13 In contrast, this complication is rare in
uman lung transplantation.14 The other animal had pneu-
othorax but was successfully managed by means of reop-
ration. The source of the air leak was found in the
nterlobar fissure of the native spared right upper lobe.
e assume that these complications could have been
voided in the clinical setting. The satisfactory survival
ate (83%) with no bronchial complications and excellent
ulmonary function in the chronic study was very en-
ouraging (Tables 1 and 2). This experimental study sug-
ested that BNSLT might be a viable new option for se-
ected large adult patients who would not survive the long
ait for cadaveric lungs.We thank Tetsuo Kawakami for his expert technical assistance.
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